A hysteretic in-plane magnetoresistance develops below the superconducting transition of LaAlO3/SrTiO3 interfaces for H // < 0.15 T, independently of the carrier density or oxygen annealing. We show that this hysteresis arises from vortex depinning within a thin superconducting layer, in which the vortices are created by discrete ferromagnetic dipoles located solely above the layer. We find no evidence for finite-momentum pairing or bulk magnetism and hence conclude that ferromagnetism is strictly confined to the interface, where it competes with superconductivity.
A hysteretic in-plane magnetoresistance develops below the superconducting transition of LaAlO3/SrTiO3 interfaces for H // < 0.15 T, independently of the carrier density or oxygen annealing. We show that this hysteresis arises from vortex depinning within a thin superconducting layer, in which the vortices are created by discrete ferromagnetic dipoles located solely above the layer. We find no evidence for finite-momentum pairing or bulk magnetism and hence conclude that ferromagnetism is strictly confined to the interface, where it competes with superconductivity. The emergence of ferromagnetic order in a material breaks time reversal symmetry and is hence detrimental to conventional spin-singlet superconductivity. Since the vast majority of superconductors discovered to date exhibit spin-singlet s or d-wave pairing, the coexistence of superconductivity (SC) and ferromagnetism (FM) at the LaAlO 3 /SrTiO 3 interface has proved difficult to reconcile [1] [2] [3] . Bypassing the paramagnetic limit via spintriplet pairing presents a straightforward solution to the puzzle; however the observation of s-wave gaps in doped SrTiO 3 [4] and LaAlO 3 /SrTiO 3 [5] together with the loss of inversion symmetry at the interface are unsupportive of such a scenario. All other mechanisms facilitating SC and FM phase coexistence require a realspace modulation of the SC order parameter, either by creating a spontaneous vortex phase [6] , forming finitemomentum electron pairs analogous to a Fulde-FerrellLarkin-Ovchinnikov (FFLO) state [7] , or spatially dispersing FM and SC over macroscopic lengthscales [3] .
The nature of the interaction between FM and SC is not the only contentious issue in LaAlO 3 /SrTiO 3 , since the origin and location of the FM moments are also subject to intense discussion. Purely FM behaviour has only been observed following growth and/or annealing at high O 2 pressures [8] ; conversely, there is strong theoretical support for O 2− vacancies [9] or polar distortions [10] causing FM. Experiments have linked FM with low [11] or high carrier densities [12] , describing it as both an interfacial [13] and bulk [12] phenomenon. A study of FM and SC in both stoichiometric and O 2 -deficient interfaces with a wide range of carrier densities is therefore essential to understand their coexistence.
In this Letter, we reveal a universal hysteretic in-plane magnetoresistance in LaAlO 3 /SrTiO 3 heterostructures, characteristic of FM coexisting and competing with SC regardless of the carrier density or O 2 deficiency. These results are consistent with the creation of pinned vortices by in-plane magnetic dipole moments, implying that FM is tightly confined to the interface, above a conventional 2D SC layer. The existence of this confinement is confirmed by the observation of quantum oscillations from a non-magnetic electron gas deeper below the interface.
We have performed milliKelvin ac magnetotransport measurements on two distinct series of LaAlO 3 /SrTiO 3 heterostructures, A and B, grown by pulsed laser deposition (PLD). A-type interfaces were grown at an O 2 pressure of 10 −3 mbar and subsequently annealed at 0.1 bar to reduce their O 2− vacancy concentration, leading to two-dimensional (2D) carrier densities n 2D ∼ 10 13 cm −2 . Hall bars patterned onto these heterostructures yield comparable results to the majority of SC LaAlO 3 /SrTiO 3 films in the literature [2, 3, [14] [15] [16] . In contrast, B-type interfaces were also grown at 10 −3 mbar, but were not post-annealed: this was a deliberate ploy to maximise the O 2− vacancy concentrationand hence n 2D -close to the interface, without creating a quasi-3D electron gas spanning the entire substrate [17] . The resulting films exhibited n 2D ≥ 10 14 cm −2 , increasing to ∼ 10 15 cm −2 upon field-effect doping. Since all heterostructures behave similarly to the others in their series, we focus on two specific samples A and B for continuity, with SC critical temperatures T c = 0.28 K and 0.31 K respectively. Further growth details, resistivity/Hall data and data-sets from additional samples may be found in the Supplementary Online Material (SOM).
Determining the depth of our SC channels: In Fig. 1a , we fit the temperature-dependent perpendicular and parallel upper critical fields H c2⊥,// (T ) using linearized Ginzburg-Landau (G-L) theory: Searching for unconventional SC: Rashba spin-orbit coupling (RSOC) due to broken inversion symmetry at the interface also influences SC [18] and may stabilise a helical FFLO state with maximal T c for in-plane fields H // > 0 [7] . Since the RSOC is inversely proportional to n 2D [16] , we focus our search for exotic superconductivity on sample A. Figure 1b shows the angle-dependent upper critical field H c2 (θ), accurately described by the Tinkham model for conventional SC films with d ξ [19] :
Even at T = 0.1 K, H c2// exceeds the Pauli limit H P ≡ 1.84 T c = 0.52 T; this is consistent with the strong spinorbit scattering expected at the interface. Since H c2// > H P , the G-L method can only provide an upper limit for d; however, deviations between the calculated and true values of d are small [20] and have no impact on our discussion since SC remains confined within 20 nm of the interface. In Fig. 1c , we track T c (H // ) for sample A but find no peak at H // > 0; instead the data is closely reproduced by G-L theory. To confirm this, we examine R xx (H // ) at T = 0.25 K (just below T c (0T)) for both samples in Fig. 1d : a maximum T c at H // > 0 will create a point of inflection or local minimum in R xx (H // ), as depicted in Fig. 1e . No such features are visible and we therefore find no support for a helical FFLO state [21] . Evidence for FM: Figure 2 displays in-plane MR loops for A and B. Hysteresis is always observed at low fields (|H| < 0.15 T), with peaks in R xx (H // ) at negative/positive H after sweeping down/up from large positive/negative H. This pattern is distinct from the hysteresis seen in granular SC [22] and we hence absolve granularity from responsibility for our data. In general, hysteretic MR is a signature of FM, but the disappearance of the hysteresis above T c indicates that SC also plays some role in its origin. Non-zero resistance below T c for a SC in a magnetic field implies a loss of phase coherence, caused by mobile flux vortices. Since the vortex diameter is ∼ 2ξ and d ξ, our SC channels are too shallow to allow vortex penetration parallel to an inplane magnetic field: we must therefore identify a means of generating out-of-plane vortices using in-plane fields.
Possible mechanisms for vortex creation: Spatial inhomogeneities in the RSOC or the in-plane polarization can create vortices in helical superconductors [18] ; however such vortices would only appear above a critical field, which is incompatible with our low-field hysteresis. It has been suggested that MR hysteresis in LaAlO 3 /SrTiO 3 arises from domain wall propagation in a continuous FM layer [23] , but this is implausible for several reasons. Firstly, for thin FM layers the shape anisotropy energy is a key factor in domain formation and the walls should be of Néel rather than Bloch type, i.e. their magnetization points in-plane and so there is insufficient flux for outof-plane vortex formation. Secondly, there is no evidence in the literature for a continuous FM layer; in contrast, SQUID microscopy indicates an inhomogeneous FM distribution [3] . Thirdly, all our R xx (H) data are acquired 
13 cm −2 , Tc = 0.28 K) at temperatures 0.5 K and 0.1 K, with a low-field zoom on the T = 0.1 K data (below). These data were acquired after cooling from room temperature in zero field, resulting in randomly-oriented domains which generate the low peak structure seen in the sweep up. at stable fields with our SC magnet in persistent mode, i.e. dH/dt = 0 so there is no driving force for domain wall propagation (and our ac current negates any spin-torque transfer effect on the domains). Therefore, the only realistic out-of-plane flux sources in LaAlO 3 /SrTiO 3 are the dipole fields from discrete FM zones, embedded in a SC channel and polarized in-plane (Fig. 3a) . To pass through the channel, out-of-plane components of the dipole fields must be quantised. Arrays of vortices and antivortices therefore form around each pole, whose size and density depend on the geometry of each FM zone and its total dipole moment. This situation is analogous to an artificial 2D SC/FM nanodot heterostructure [24] .
Where are the FM dipoles located? If the moments generating the vortices are buried deep in the SC channel ( Fig. 3a centre panel) , then no vortices will be generated, since the vortex/antivortex pairs at each end of the Is magnetism present below the SC channel, deep within SrTiO 3 ? To address this possibility, we directly probe the electron gas in this region. In sample B, Shubnikov-de Haas (SdH) oscillations develop for H // > 2.5 T (Figs. 2b, 3b ). Since d ≤ 20 nm and our field-effect doping proves that the SrTiO 3 is a good dielectric, we have not created a quasi-3D electron gas throughout the substrate [17] . Nevertheless, the oscillations imply that a conducting "tail" extends into the SrTiO 3 over a distance at least twice the cyclotron radius r g = k F /eH (where k F is the Fermi wavevector). At n 2D = 6.9 × 10 14 cm −2 , the SdH frequency F = 25 T: assuming a spherical Fermi surface for simplicity, k F = 2πF/Φ 0 (from the Onsager relation), r g = 44 nm and hence the majority of the "tail" must lie below the base of the SC channel. Now, SdH oscillations in magnetic materials should exhibit beating in the peak amplitude and field-reversal asymmetry [25] ; moreover, scattering from localised electrons should suppress oscillations for H < 20-30 T [26] . From Fig. 3b , our oscillations are field-reversal symmetric, free from beating and emerge at merely 2.5 T; they hence originate from a non-magnetic electron gas. Furthermore, the vertical field from any dipoles below the SC channel will be quantised, leading to a distorted flux profile when viewed from above: no evidence for this is seen by scanning SQUID [3, 27, 28] . We conclude that our SrTiO 3 is non-magnetic and FM is strictly confined to the interface.
How do the vortices generate a hysteretic MR? Peak formation in R xx (H // ) corresponds to reversing the FM polarization, a process which is illustrated in Fig. 4a . This will mainly occur via dipole rotation rather than domain wall propagation, due to the limited zone size ( 10 µm from SQUID data), the presence of hysteresis up to |H|= 0.15 T (implying a large coercive field) and flux conservation within the channel. During repolarization, a torque m × H is exerted on the FM zones, where m is the dipole moment. The vortex/antivortex arrays around the poles are dragged through a 180
• rotation, creating an electric field in their cores and dissipating energy. However, vortex motion is impeded by pinning, hence broadening the MR peak. Within the framework of the Anderson flux creep model [29] ,
where ν depin is the vortex depinning frequency, U is the vortex pinning potential, |H| exceeds the FM coercive field H coerc and we disregard the effects of our ac current. ν depin scales linearly with the induced electric field and hence R xx (H // ). Assuming an infinite vortex supply, constant U and domain polarization antiparallel to H, an increase ∆H will generate ∆R xx (H // )∝e 2mH ∆H. These assumptions are clearly unrealistic, since our samples contain finite numbers of vortex-inducing FM dipoles which may become pinned at arbitrary angles to the field during repolarization; we also expect a broad variation in the local pinning potential within the SC channel from the inhomogeneous defect distribution. Nevertheless, this relation permits a qualitative understanding of the evolution of our hysteretic peaks over time (Fig. 4b) . Compared with a reference data-set (sweep 1) acquired at field increment δ H , a long pause in the data acquisition at H = 0.005 T (sweep 2) has little effect on R xx (H // ), since H coerc > 0.005 T for most of the domains and depinning is limited. In contrast, measuring with no pause but a smaller field increment δ H /3 (sweep 3) results in a larger drop in R xx (H // ), since fewer vortices are depinned at each data point. Above H // ∼ 0.15 T, all FM domains . Sweeps were performed directly after polarization at H = -4 T. Each data-point was acquired in a stable, constant field, 90 s after our SC magnet entered persistent mode (dH/dt = 950µTs −1 while ramping the field) and our ac current flowed throughout the experiment. The field increment between data-points determines the total measurement duration (inset) and hence the peak amplitude. The shape of the peak (corresponding to the pinning profile in the channel) is stable between sweeps, but exhibits small changes after thermal cycling to 300 K.
have been repolarised (i.e. all vortex/antivortex arrays have been rotated through 180
• ) and our ac current is the only remaining depinning force: R xx (H // ) therefore falls to its background level.
A picture emerges of a narrow layer of FM clusters confined to the interface, above a 2D SC layer. The inhomogeneity in the FM and its independence from n 2D suggest that it originates from a static defect distribution, in agreement with several recent models [9, 10] . Previously, signatures of FM have been linked to high O 2 pressure growth [8, 30] , but this is due to enhanced defectinduced localisation in the 2D limit and FM transport signatures being "short-circuited" by mobile electrons below the interface at higher n 2D . Together with data from such resistive interfaces, our work shows that FM can exist across the entire LaAlO 3 /SrTiO 3 phase diagram: 10 12 ≤n 2D ≤10 15 cm −2 . The similarities in the hysteretic MR of our two film series indicate that O 2− vacancies are neither essential nor anathemic to FM; however scattering from vacancies and cation intermixing may help to stabilise FM. We note that beyond the hysteretic inplane MR and Kondo effect in R xx (T ) at low temperature (see SOM), there is no obvious evidence for magnetism in our heterostructures. It is therefore likely that other LaAlO 3 /SrTiO 3 films studied in the literature contained FM inclusions, but their presence was missed since parallel MR loops were not acquired below T c .
In conclusion, our work illustrates how the reduced symmetry, modified electronic structure and defects inherent to an interface promote an alien emergent phase (FM) to interact and compete with the usual emergent ground state in doped SrTiO 3 (SC). Although competition only occurs at the top of the SC channel, the asymmetric distribution of the FM influences the entire SC layer by generating vortices even at zero applied field. Looking to the future, we propose that atomically precise defect control may enable the development of hybrid FM/SC devices in LaAlO 3 /SrTiO 3 films, such as spintronic latches, vortex-based memory or SC qubits.
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Synthesis and Measurement Techniques
Our two series of heterostructures A and B were both grown using a standard pulsed laser deposition system manufactured by Twente Solid State Technology B.V., equipped with a reflection high-energy electron diffraction (RHEED) facility. 10 unit cells of LaAlO 3 were deposited on TiO 2 -terminated 0.5mm thick commercial SrTiO 3 (001) substrates from Shinkosha. The total incident laser energy was 9 mJ, focussed onto a 6 mm 2 rectangular spot. For both samples, the oxygen pressure was maintained at 10 −3 mbar during growth at 800
• C. However, series A underwent a subsequent annealing stage: after cooling to 500
• C at 10 −3 mbar, the oxygen pressure was increased to 0.1 bar. The temperature was held at 500
• C for 30 minutes before natural cooling to room temperature, still in 0.1 bar oxygen. In contrast, series B was allowed to cool naturally to room temperature in 10 −3 mbar oxygen.
Hall bars with Au-Ti contact pads were patterned onto the top surface of the LaAlO 3 using electron-beam lithography, while sample B also had an Au-Ti back gate sputter-deposited across the entire base of the SrTiO 3 substrate prior to patterning. The Hall bar width was 80 µm and the voltage contact separation 660 µm. Patterning onto the LaAlO 3 surface rather than directly contacting the interface allows us to remain sensitive to AlO 2 surface transport in parallel with interfacial states, even when the interface is superconducting (see section 2).
Transport measurements were performed in a Janis cryogen-free dilution refrigerator, using an ac technique with two SRS 830 lock-in amplifiers and a Keithley 6221 AC current source. All data were acquired using an excitation current of 500 nA at 19 Hz; this value was chosen to maximise the signal-to-noise ratio whilst eliminating any sample heating effects at milliKelvin temperatures. Our noise threshold is approximately 2 nV. The evolution of the capacitance (∼ 1 nF) of the SrTiO 3 substrate with gate voltage V g was verified using a General Radio 1621 manual capacitance bridge: no leakage or breakdown occurred even at V g = 500 V.
Electrical Resistivity and Superconducting Transitions
Upon cooling from room temperature, the electrical resistance of both heterostructures passes through a minimum at low temperature ( fig. S5 ), then rises logarithmically prior to the onset of superconductivity at ∼ 0.3 K. The minima are located at T m = 10 K and 25 K for samples A and B respectively. A logarithmic divergence in the low-temperature resistance is a signature of the Kondo effect, i.e. scattering off dilute magnetic impurities. Within the Kondo scenario, sample B (which has a high oxygen vacancy concentration) must contain a higher density of magnetic scattering centres due to its higher T m . The resistive transitions to the superconducting state used to determine the critical fields in fig. 1 of our manuscript are shown in fig. S6a . Although the transitions qualitatively follow the behaviour expected for a quasi-2D superconducting film, the resistance does not fall to zero even at the lowest temperatures measured (0.035 K). This does not necessarily imply that our interface is inhomogeneous; in fact, non-zero resistance is a natural consequence of the patterning technique which we have used. A schematic diagram for our pattern is shown in fig. S6c : since the contacts for our Hall bars are only deposited onto the top surface of the LaAlO 3 , there is no direct contact with the conducting interface. Instead, contact is made vertically through the 10 unit cells of LaAlO 3 , which exhibits a weak conductivity dependent on the oxygen vacancy concentration. This provides a small resistive component in series with the interface, leading to a measured non-zero resistance even with a homogeneous superconducting interface. Any conducting AlO 2 surface states will generate a parallel contribution to the measured resistance; the advantage of this patterning technique is that it enables these surface states to be probed without being "shorted out" by the superconducting interface.
Conversely, this does not easily permit us to differentiate between homogeneous and inhomogeneous superconducting layers (or even field-induced inhomogeneous nucleation of superconductivity). However, this does not affect the conclusions of our work in any manner: firstly, inhomogeneities at the interface are entirely expected due to the tendency of the d xy electrons to localise and form ferromagnetic zones where superconductivity is suppressed. For sufficiently high densities of ferromagnetic inclusions above a shallow superconducting channel, the percolative zero-resistance current path may vanish. Secondly, the observed quantum oscillations originate from carriers deeper below the interface and only emerge at high magnetic fields when the superconductivity has been entirely quenched. Thirdly, if we consider the oxygendeficient high carrier density heterostructure B, it is plausible that clusters of oxygen vacancies at the AlO 2 surface could locally overdope the interface beyond its maximum superconducting carrier density within certain discrete zones (also enhancing the ferromagnetism, as suggested by our Kondo effect and theory [1] ). This is a natural consequence of vacancy-doping the LaAlO 3 /SrTiO 3 interface and in no way reflects negatively on our results.
Furthermore, using data for the critical current density from the literature [4] (∼ 40 nA per micron channel width), we estimate that the critical current in our Hall bars is of the order of several microAmps at zero field. Our measurement current (500 nA) is only one order of magnitude smaller than this value, thus contributing to the broadening of the transitions which we see in a magnetic field. We stress that a current of this magnitude is essential to achieve an adequate signal-to-noise ratio in highly conductive materials such as sample B, especially for Shubnikov-de Haas measurements. It also facilitates depinning by exciting a lateral "shaking" force on vortices, thus influencing (though not causing) the hysteresis in our in-plane magnetoresistance data.
Hall Effect Data
All stated sheet carrier densities in our work have been obtained by linear fits to the high-field Hall resistance R xy (H) (H > 5 T), where n 2D dRxy dH = − 1 e . However, both our Shubnikov-de Haas effect and various magnetotransport studies in the literature [5] [6] [7] have revealed evidence for multiple conduction bands at the interface, which should lead to Lorentzian forms for both the perpendicular magnetoresistance (MR) R xx (H ⊥ ) and the Hall coefficient R H . We plot R xx (H ⊥ ) and R H in fig. S7 .
The simple message which we wish to convey here is the dramatically different behaviour of both R xx ( fig. S7a ) and R H ( fig. S7b) for the two heterostructures. Examining the MR first, we observe that the curvature of R xx is positive for sample A, compared with negative curvature and a Lorentzian form in sample B. The Hall effect is even more revealing, with R H in sample A displaying approximately linear behaviour, which for LaAlO 3 /SrTiO 3 implies d xy single-band occupancy (slight deviations from linearity may be due to limited hole-like contributions from carriers at the AlO 2 top surface). In contrast, R H in sample B again shows the Lorentzian shape expected for a two-band system (i.e. d xy and d xz,yz band occupancy). Beyond the ability to extract the total carrier density, the failings of simple two-band Hall coefficient models are well-known [7] due to the significant differences in the field dependence of the mobilities of carriers in each band; we therefore do not attempt any more Note that this 20% criterion is arbitrary, since although changing the percentage will lead to small variations in the calculated coherence length ξ, the anisotropy and hence our determination of the superconducting channel thickness d will remain unchanged. A scaling analysis for 2D SC [2, 3] is also shown, which provides an alternative means to determine d using H detailed quantitative analysis of our data. One further unusual feature in our Hall data is worthy of mention: a crossover in the gradient of R H from negative to positive at high gate voltages ( fig. S7b, inset ). This cannot be explained by a simple interfacial two-band model and is a consequence of the gradual population of states deeper within the substrate.
We note that the total carrier density which we measure for sample A is 2.3×10 13 cm −2 , slightly larger than the critical density 1.68 ± 0.18 × 10 13 cm −2 recently obtained for the Lifshitz transition [7] . However, we see no evidence for two-band behaviour in the Hall coefficient of sample A and we conclude that the extra carriers which we detect most probably originate from deeper within the SrTiO 3 substrate (since any AlO 2 surface states should still be hole-like within this doping range). This is an important point, since it absolves the d xz,yz bands of responsibility for generating our observed ferromagnetic domains. Let us consider the effects of applying a gate voltage to sample B on the ferromagnetic and superconducting phases. SQUID microscopy studies have indicated that gating the LaAlO 3 /SrTiO 3 interface to modulate its carrier density does not have any effect on the density of ferromagnetic inclusions [8, 9] . In contrast, applying a positive gate voltage to increase n 2D in sample B does change the shape of the hysteretic peaks, which are broader and clearer at V g = 350 V ( fig. S8a) .
Numerous potential explanations exist for this effect. Firstly, we suggest that the electric field across the SrTiO 3 may lead to a further increase in the vortex mobility once depinning has occurred, thus increasing the measured resistance even for small applied fields. We must also consider the expansion of the superconducting channel upon gating: the channel roughly doubles in thickness between V g = 0 V and 350 V ( fig. S8b) . A thicker channel will increase the probability of pinning any given vortex during the rotation of its respective fer-romagnetic dipole, hence broadening the hysteretic peak. However, the "hardest" pins (from the largest defects) will be located closer to the interface and hence the maximum field at which hysteresis is observed should remain similar: from fig. S8a, this is indeed the case. Another relevant factor in modifying the hysteretic peak shape may be a partial suppression of superconductivity very close to the interface due to the high carrier density in sample B. This would also explain its narrower as-grown superconducting channel compared with sample A, although it is important to remember that the as-grown vertical charge distribution profile is a crucial factor in determining the absolute superconducting layer thickness and this may vary significantly between heterostructures.
A very small hysteresis is visible in the out-of-plane MR R xx (H ⊥ ), although this occurs at fields close to zero, comparable to the typical remanence in superconducting magnets. For completeness, we plot this in fig. S8c . We stress that the absence of any large hysteretic peaks in R xx (H ⊥ ) is entirely expected, since in this configuration there is no rotation of the in-plane moments; instead, the vortex density is much higher and we enter a liquid phase at very low applied fields.
Data Reproducibility
Over an 18-month period spanning the duration of this project, we synthesized numerous "A-type" and "B-type" heterostructures, all of which exhibited qualitatively similar behaviour. Series A have n 2D ∼ 10 13 cm −2 and display single-band transport, while n 2D > 10 14 cm −2 and the Hall coefficient is non-linear in series B. Superconductivity is observed to coexist with ferromagnetism regardless of the carrier density, while Shubnikov-de Haas oscillations emerge in parallel fields below series B interfaces. Data-sets from several other heterostructures may be found in fig. S9 . 
